CCAAT enhancer binding protein-delta (C/EBP␦) is a transcription factor that regulates inflammatory processes mediating bystander neuronal injury and CNS autoimmune inflammatory disease. The mechanism of the involvement of C/EBP␦ in these processes remains to be determined. Here, we examined the cellular source(s) and mechanisms by which C/EBP␦ may be involved in an animal model of multiple sclerosis. Mice deficient in C/EBP␦ expression exhibited less severe clinical disease than wild-type littermates in response to induction of experimental autoimmune encephalomyelitis (EAE) by vaccination with a myelin oligodendrocyte glycoprotein (MOG) fragment. This reduction in EAE severity was associated with a significant alteration in the complement of 
Introduction
Multiple sclerosis (MS) is a CNS inflammatory disease, probably involving a myelin-specific autoimmune attack. The dominant animal model of MS, experimental autoimmune encephalomyelitis (EAE), is induced by vaccination with myelin antigens. Our recent mapping of inflammatory foci throughout EAE suggested initiation of CNS pathology at meningeal surfaces of the CNS followed by recruitment of circulating T-helper (Th) cells and antigen-presenting cells (APCs) (Brown and Sawchenko, 2007) . While various T-cell subtypes can mediate EAE (Huseby et al., 2001) , functional APCs are indispensable for disease induction (Greter et al., 2005) . The dendritic cell (DC) is an APC that facilitates CNS T-cell entry, reactivation, and differentiation in EAE (Bailey et al., 2007) .
Examination of T-cell development in EAE has defined Thcell subsets. The characterization of interleukin-17 (IL-17) expressing T-cells, so-called Th17 cells, indicated they were the prime mediators of EAE (Langrish et al., 2005) . However, subsequent work suggests that interferon-␥ producing Th1 cells are also involved (Domingues et al., 2010) . Th-cell differentiation is highly regulated; for example, Th1 cells retard the development of Th17 cells, which share developmental cues with T-regulatory cells (Tregs) that suppress destructive autoinflammation. In the presence of TGF␤, differentiation of Tregs proceeds at the expense of Th17 cells, and Tregs can suppress both Th1 and Th17 cell activity. However, if TGF␤ is present with IL-6, Th17 development ensues (Bettelli et al., 2006) . Therefore, IL-6 production would be expected to regulate both Treg and Th17 cell differentiation. CNS Tregs suppress immune responses by secreting IL-10 (Lavasani et al., 2010) , and DC secretion of IL-10 may also promote Treg development (Rutella et al., 2006) and directly suppress inflammatory Th-cells (Kao et al., 2010) . Consequently, regulation of IL-6 and/or IL-10 could directly impact Th-cell function and development.
Multiple DC factors upregulate IL-6 (Lu et al., 2009) , including toll-like receptor (TLR) activation (Waldner et al., 2004 ) and exposure to proinflammatory cytokines such as IL-1, TNF␣ (Matzinger, 2002) , and IL-17 (Steiner et al., 2003) . Proinflammatory cytokines are upregulated by transcription factors that play pivotal roles in inflammatory responses. Many cytokine pro-moter regions have binding sites for the basic-leucine zipper (bZIP) C/EBP family of transcriptional regulators (Wedel and Ziegler-Heitbrock, 1995) . In the CNS, C/EBP␣, ␤, ␦, and C/EBP homologous protein are the most abundantly expressed isoforms of this family (Sandhir and Berman, 2010) . These transcription factors have been implicated in inflammatory processes accompanying neurodegenerative diseases (Cardinaux et al., 2000; EjarqueOrtiz et al., 2007) and the sequelae of brain injury (Cortés-Canteli et al., 2004) . One family member, C/EBP␦, is upregulated in mouse models of brain injury (Sandhir and Berman, 2010) and in Alzheimer's disease (Li et al., 2004) .
Recently, C/EBP␦ was defined as a major regulator of IL-6 production (Litvak et al., 2009 ). This bZIP transcription factor mediates IL-17 receptor signaling (Shen et al., 2006) and upregulates IL-6 in the context of APC exposure to TNF␣ and IL-1 (Juan et al., 1993; Ruddy et al., 2004) . However, C/EBP␦ can also suppress gene transcription (Lacorte et al., 1997a) . Therefore, C/EBP␦ may upregulate inflammatory and/or suppress antiinflammatory cytokine production in response to inflammatory insults. C/EBP␦ mRNA is overexpressed in the MS-afflicted CNS (Lock et al., 2002; Tzartos et al., 2008) , and mononuclear cells isolated from CSF of MS patients have increased C/EBP binding sites (Brynedal et al., 2010) . Additionally, microarray analysis of peripheral blood mononuclear cells from MS patients showed increased levels of C/EBP␦ associated with increasing disease activity and progression (Riveros et al., 2010) . As the evidence summarized above suggested that C/EBP␦ expression by DCs may regulate CNS Th-cell differentiation, we examined the role of C/EBP␦ in EAE, where the balance between Th17 and Treg cells is an important determinant of disease severity (Korn et al., 2007) .
Materials and Methods
Mice. Female C57BL/6 mice, 6 -8 weeks of age, were purchased from the Animal Resource Centre. C/EBP␦ Ϫ/Ϫ (C57BL/6 background) mice were a kind gift from Dr. Esta Sterneck (NCI, Fredrick, MD) (Sterneck et al., 1998) . 2D2 transgenic mice (C57BL/6 background) were a kind gift from Dr. Vijay Kuchroo (Harvard Medical School, Boston, MA) (Korn et al., 2007) . Hemizygous transgenic mice expressing GFP under control of the chicken ␤-actin promoter and cytomegalovirus enhancer were initially purchased from Jackson Laboratories. A colony was then established and maintained on a C57B/6 background (Vallières and Sawchenko, 2003) . All mice were maintained on a 12/12 h light/dark cycle with standard chow and water ad libitum available. All procedures were approved by the animal welfare committee at the Salk Institute for Biological Studies or the Garvan Institute-St Vincent's Hospital Animal Ethics Committee.
Induction of EAE. EAE was induced and clinically scored as previously described (Brown and Sawchenko, 2007) with minor variation. Briefly, mice were immunized with 100 g of MOG 35-55 peptide in complete Freund's adjuvant supplemented with 1 mg M. tuberculosis (H37Ra; Difco) in a 100 l total volume, over two sites, one in each flank, subcutaneously. All animals received 200 ng (i.p.) of pertussis toxin (List Biologicals) on the day of immunization and 2 d later.
LPS treatment of wild-type and C/EBP␦ Ϫ/Ϫ mice. Wild-type (wt) and C/EBP␦ Ϫ/Ϫ animals were treated with LPS (50 g/kg; Escherichia coli 055:B5, Sigma, in 100 l, i.p.) and killed 4 h later. Mononuclear cells from spleens were harvested and isolated as described below.
Generation of polyclonal anti-C/EBP␦ antibody. Immunohistochemistry performed using commercially available anti-C/EBP␦ antisera revealed significant nonspecific staining in C/EBP␦ Ϫ/Ϫ animals, indicating that these sera were unsuitable for further use. Therefore, we generated a rabbit polyclonal anti-C/EBP␦ peptide antiserum. A peptide fragment corresponding to amino acids 7-32 of C/EBP␦ (SDLS PVRGTPWPTEPAAFYEPGRVDK-NH2 of C/EBP␦) was generously synthesized by Dr. Jean Rivier (The Salk Institute) using solid phase methodology. It was purified by HPLC and characterized using mass spectrometry. The antiserum against C/EBP␦ was raised in rabbits immunized against the synthetic peptide coupled to keyhole limpet hemocyanin using a protocol detailed previously (Vaughan et al., 1989) . Antiserum validation studies demonstrated a single, ϳ28 KDa band on Western blots of nuclear extracts from LPS-stimulated astrocytes and no immunolabeling in sections of multiple tissues from C/EBP␦ Ϫ/Ϫ animals treated with LPS, or in the EAE-afflicted CNS (data not shown).
Immunohistochemistry. Dual immunoperoxidase labeling was performed as previously described (Brown and Sawchenko, 2007) , with minor variations. Briefly, tissue sections were incubated in anti-C/EBP␦ (1:50,000) in 2% donkey serum and 0.3% Triton X-100, followed by biotinylated secondary antiserum (raised in donkey; 1:200; Jackson ImmunoResearch) and avidin-biotin complex and then developed using a nickel-enhanced diaminobenzidine chromogen, yielding a black precipitate. Sections were then incubated with mouse-derived anti-CD11c (1: 2000; clone N418; eBioscience), anti-MHC class II (1:2000; clone IBL-5/ 22; Millipore Bioscience Research Reagents), or anti-GFAP (1:2000, clone 2.2B10; Zymed) overnight under the same conditions as for the initial primary antibody and processed and developed in DAB without nickel-enhancement to yield a brown reaction product.
In situ hybridization. The C/EBP␦ riboprobe was generated as described by Reyes et al. (2003) . In situ hybridization was performed using 35 S-labeled sense (control) and antisense cRNA probes. Slides were digested with 0.1-10 g/ml proteinase K for 30 min at 37°C. Probes were labeled to specific activities of 1-3 ϫ 10 9 dpm/g and applied to the slide at concentrations of 10 7 cpm/ml, overnight at 56°C in a solution containing 50% formamide, 0.3 M NaCl, 10 mM Tris, 1 mM EDTA, 0.05% tRNA, 10 mM dithiothreitol, 1 Denhardt's solution, and 10% dextran sulfate, after which they were treated with 20 g/ml ribonuclease A for 30 min at 37°C and washed in 15 mM NaCl/1.5 mM sodium citrate at 65-68°C. Slides were then dehydrated and exposed to x-ray films (␤-Max; Eastman Kodak) for 24 h. They were coated with Eastman Kodak NTB-2 liquid emulsion and exposed at 4°C for 15-30 d, as determined by the strength of signal on film. Slides were developed with Eastman Kodak D-19 and fixed with Eastman Kodak rapid fixer.
Isolation of spleen and CNS mononuclear cells. CNS and spleen were removed from mice and cut into 2 mm pieces before digestion with collagenase D (2.5 mg/ml; Roche Applied Science) and DNase I (1 mg/ml; Roche Applied Science) in R10 media (RPMI 1640 medium; Life Technologies), supplemented with 10% (v/v) FCS (GeneTex), 2 mM L-glutamine (Life Technologies), 100 U/ml penicillin (Life Technologies), 100 g/ml streptomycin (Life Technologies), and 50 M 2-mercaptoethanol (Sigma) for 45 min at 37°C. Tissues were then passed through a cell strainer (100 m; BD Biosciences), followed by a Percoll gradient (70%/37%; Pharmacia) and centrifugation at 350 ϫ g.
Generation of bone marrow-derived DCs. Bone marrow from wt and C/EBP␦ Ϫ/Ϫ mice was harvested by flushing femurs, and cells were diluted to a concentration of 3 ϫ 10 6 /ml and cultured in presence of 300 ng/ml recombinant murine fms-like tyrosine kinase 3 ligand (FLT3; ProTech) as described previously (Naik et al., 2010) . After 9 d in culture with FLT3, non-adherent and loosely adherent cells were removed from the flask with PBS at room temperature, replated without FLT3 and cultured for 4 h in the presence or absence of MOG 35-55 peptide (10 g/ml; ProTech). To generate matured DCs, cells were treated for 4 h with LPS (10 g/ml; Sigma). Cells were and washed twice with cold PBS-5%FCS buffer before use as described previously (Zozulya et al., 2009) .
In vitro T-cell assays. Bone marrow-derived DCs (BMDCs) were used as DCs in an in vitro MOG antigen-specific T-cell activation and differentiation assay as described by Bailey et al. (2007) with minor modifications. Briefly, 1 ϫ 10 7 CD4 ϩ cells from the lymph nodes of 2D2 TCR mice were isolated with negative and positive magnetic selection according to the manufacturer's instructions (CD4 ϩ T cell isolation kit; Milteny Biotec). BMDCs were cocultured with 2D2 CD4 ϩ cells at a DC:T-cell ratio of 1:5 in presence of TGF␤ alone (2 ng/ml; PeroTech) or TGF␤ and IL-6 (20 ng/ml; PeroTech) or vehicle. For IL-10R blockade, anti-IL-10R (20 ng/ml; NA/LE rat anti-mouse CD210; 1B1.3a, BD Pharminogen) or isotype antibody (20 ng/ml; NA/LE rat IgG 1 , k isotype control; R3-34, BD Pharminogen) or vehicle was present throughout culture. Each condition was performed in triplicate in 96-U-well plates (Costar Corning) for 5 d at 37°C in 5% CO 2 humidified atmosphere. Cells were then processed as described for flow cytometry analysis.
Intracerebral injection of BMDCs. 2D2 mice were subjected to injection of wt or C/EBP␦ Ϫ/Ϫ MOG-presenting BMDCs (2.5 ϫ 10 5 ) into the frontal cortex at position 1.70 mm rostral to bregma, 1.5 mm lateral to the midline, and 1.60 mm beneath the dura, as described previously (Zozulya et al., 2009 ). These injections were compared with ones involving matured, nonantigen-pulsed BMDCs and acellular vehicle control injections. To block IL-10 signaling, recipient mice received injections of anti-IL-10R (250 g/mouse, i.p., every other day) commencing the day before DC injection. At day 5, brain mononuclear cells were harvested as above for examination.
Cell labeling for FACS analysis. Cells from in vitro coculture experiments or isolated from tissues were prepared for FACS analysis as described previously (Korn et al., 2007) . Briefly, for T-cell phenotype determination, cells were stimulated with phorbol 12-myristate 13-acetate (PMA; 50 ng/ml, Sigma), ionomycin (1 g/ml, Sigma), and monensin (GolgiStop 1 l/ml; BD Biosciences) at 37°C, in a humidified 5% CO 2 atmosphere for 4 h before surface antibody labeling. For examination of DCs, cells were labeled with anti-CD45, anti-CD3, anti-CD11c, anti-CD11b, and anti-B220, and cell types were identified as per Bailey et al. (2007) . For antigen-specific T-cell phenotype analysis, cells were labeled for anti-CD45, anti-CD3, anti-CD4, and anti-V␤11, followed by fixation and permeabilization using Cytofix/ Cytoperm and Perm/Wash buffer from BD Biosciences according to the manufacturer's instructions. Cells were incubated with antibodies for IL-17, IFN␥, and FOXP3 (1:100) for 20 min for intracellular labeling before flow cytometric analysis.
For C/EBP␦ intracellular labeling, cells were incubated with rabbit-derived C/EBP␦ antiserum or normal rabbit serum as an isotype control (both at 1:50,000) for 30 min. This was followed by incubation with FITC-conjugatedanti-rabbit IgG (1:200; Jackson ImmunoResearch Laboratories) at 4°C for 20 min. Cells were then washed twice. All flow cytometric analyses were performed on a LSRII cytometer (BD Biosciences) and were analyzed with FACSDiva software (BD Biosciences) or FlowJo software (TreeStar).
Generation of bone marrow chimerae. Bone marrow transplantation was performed as previously described (Vallières and Sawchenko, 2003) . Bone marrow was harvested as above. Recipient mice were exposed to 10 gray total body irradiation using a cobalt-60 source, administered in two equal fractions 3 h apart to minimize gastrointestinal toxicity. Approximately 24 h later, the animals were injected intravenously with 1 ϫ 10 7 bone marrow cells freshly collected from donor mice. Irradiated mice transplanted with this suspension were housed in autoclaved cages and treated with antibiotics (Sulfatrim; 175 mg/250 ml of drinking water given for 3 d before and 4 weeks after irradiation).
Multiplex cytokine immunoassay. A cytometric bead array immunoassay (BD Bioscience) was used in accordance with the manufacturer's protocol to measure the levels of inflammatory cytokines (IL-1␤, IL-2, IL-4, IL-6, TGF␤, IL-10, IL-12, IL-23) in culture supernatants from T cell in vitro assays. Data were analyzed with the FCAP array software (BD Bioscience).
IL-10 and C/EBP␦ qPCR. Total RNA was isolated from splenocytes or BMDCs using TRIZOL and Pure-link RNA mini Kit (Invitrogen) and from cell cultures using RNeasy extraction kit (Qiagen). The synthesis of cDNA was performed using reverse transcriptase (RT), avian myeloblastis virus (Roche). RT-PCR was performed using the SensiMix Sybr Kit (Bioline). The RNA expression of C/EBP␦ [forward (F): 5Ј-GCTCAAGC GCGAACCCGACT-3Ј, reverse (R): 5Ј-GCCGCCAAGCTCACCACT GT-3Ј] and IL-10 (F: 5Ј-TGAATTCCCTGGGTGAGAAG-3Ј, R: 5Ј-GC CTTGCTCTTATTTTCACAGG-3Ј) with product sizes of 99 and 88 bp respectively was normalized to ␤-actin (F: 5Ј-TGACAGGATGCAGAAG GAGATTACTG-3Ј, R: 5Ј-CCACCGATCCACACAGAGTACTTG-3Ј) Figure 1 . C/EBP␦ is expressed centrally in EAE, and EAE severity is reduced in C/EBP␦-null mutants. Ai-iii, C/EBP␦ is upregulated throughout EAE. Wild-type animals were killed at day 10 (D10; preclinical EAE), and day 21 (D21; peak disease), and compared with unvaccinated (day 0) animals (n ϭ 3/group). Representative sections of the cerebellum are shown. Before vaccination (D0), C/EBP␦ mRNA is not detectable. At D10, C/EBP␦ is expressed in cells associated with the cerebral vasculature (arrowheads). C/EBP␦ is further upregulated in the perivascular region (arrowhead) and is present in parenchymal cells (arrows) at day 21 (D21). iv, Dual immunohistochemical labeling demonstrates that C/EBP␦ protein is expressed in DCs and astrocytes in EAE. Dual staining for CD11c (brown) and C/EBP␦ (black) was performed on spinal cord sections from D21 EAE mice. DCs expressing nuclear C/EBP␦ (black) and cytoplasmic/surface CD11c (brown) are seen in the CNS parenchyma (filled arrowhead) and perivascular (open arrowhead) regions. Many C/EBP␦-positive nuclei are not associated with CD11c coexpression (arrows). Substituting anti-CD11c for anti-MHC class II gave a similar pattern of single and dual staining (data not shown). v, Dual labeling for the astrocyte-specific marker GFAP (brown) and C/EBP␦ (black) identify remaining C/EBP␦ ϩ CD11c Ϫ cells as astrocytes (arrows). Scale bars, 10 m. B, EAE severity is reduced in C/EBP␦-deficient mice. Animals were vaccinated with MOG 35-55 and clinical scores monitored daily. The clinical severity of disease was reduced by one full grade in C/EBP␦ Ϫ/Ϫ (n ϭ 6 per group; p ϭ 0.019; repeated-measures ANOVA). Error bars represent SEM.
with a product size of 101 bp. RT-negative controls were used to control for the amplification of DNA. Amplification and data analysis were performed on a LightCycler 480 II and associated software (Roche).
Statistical analysis. To determine whether differences between groups were significant, Mann-Whitney U test was performed. Where repeated measures were made over time, as occurred in the assessment of EAE disease, repeated-measures ANOVA was performed. p Ͻ 0.05 was considered significant. All analysis was performed using STATA version 11.0 (StataCorp).
Results

C/EBP␦ is upregulated in DCs and astrocytes in EAE
The disposition of central C/EBP␦ expression in EAE was characterized histochemically in cohorts of mice (n ϭ 6) killed at 10 d (preclinical) or 21 d (peak disease) after vaccination; tissue from untreated controls was processed similarly for comparison. Mice in the preclinical phase of EAE development (10 d) displayed marked and consistent upregulation of C/EBP␦ mRNA expression in the meninges and perivascular regions, areas in which DCs have been reported to reside (Bulloch et al., 2008) and which showed no evidence of positive labeling in nonvaccinated controls ( Fig. 1 A) . At the peak of disease (21 d), C/EBP␦ mRNA expression in these same areas was increased, and was also seen in isolated cells in the CNS parenchyma (Fig. 1 A) . To identify the cell type(s) expressing C/EBP␦ protein, dual immunolabeling with cell-specific markers was used.
Using a validated, high-titer C/EBP␦ antiserum (see Materials and Methods), we performed dual immunohistochemical analysis of wt animals (n ϭ 3 per time point). In both healthy and EAEaffected animals, C/EBP␦ labeling of hippocampal neurons was observed, as previously described (Sterneck et al., 1998 ) (data not shown). In early EAE, but not in healthy mice, there was specific C/EBP␦ staining of CD11c ϩ cell nuclei associated with the cerebral vasculature. Later in disease, labeled C/EBP␦ ϩ
CD11c
ϩ vascular cells persisted and was accompanied by C/EBP␦ ϩ labeling of astrocytes, identified on the basis of costaining for glial fibrillary acidic protein (GFAP; Fig. 1A ). Substituting anti-MHC class II for antiCD11c yielded a similar pattern and degree of colabeling, indicating that CD11c ϩ cells were capable of presenting antigen (Fig. 1A) . These data are consistent with a potential role for C/EBP␦ in the progression of EAE.
EAE disease severity is dependent on C/EBP␦ expression
To determine whether C/EBP␦ is indeed active in the development of EAE, clinical disease progression was monitored in syn- High forward scatter cells were gated and assessed for GFP expression (R1). This was undetectable in peripheral blood of recipients before transplantation, while most peripheral blood mononuclear cells ofdonoranimalsexpressedGFP.Sixweeks(W6)afterBMTtheprofileofmononuclearcellGFPexpression in recipient mice was similar to that of donors (n ϭ 6). B, Fluorescence image (right) of ventral spinal cord from a mouse at day 21 (D21) after EAE induction (clinical score ϭ 3) showing infiltration of transplanted GFP cells into the cord. Infiltrating cells displayed morphological features of both lymphocytes and APCs. Left, Infiltrating, bone-marrow derived, GFP-fluorescent cells. Right, Fluorescence overlaid with dark field to provide anatomical detail (cc, central canal; vf, ventral funiculus; vh, ventralhorn) .Scalebars,100m.C,ChimericanimalsweregeneratedandEAEinduced6weekslater and animals clinically scored as a measure of disease. There was no significant difference in disease between wt and C/EBP␦ Ϫ/Ϫ (null) animals when circulating mononuclear cells were C/EBP␦ ϩ/ϩ (n ϭ 9 per group; p ϭ 0.54; pooled from 2 independent experiments). Similarly, there was no differenceinEAEseveritywhenwtandC/EBP␦ Ϫ/Ϫ hostshadcirculatingmononuclearcellsthatwere C/EBP␦ Ϫ/Ϫ (n ϭ 9 per group; p ϭ 0.25; pooled from 2 independent experiments). D, Reduced C/EBP␦ expression in circulating mononuclear cells is responsible for reduced EAE in C/EBP␦ Ϫ/Ϫ animals. As the differences in EAE severity appeared dependent on the genotype of circulating mononuclear cells, data were pooled based on the genotype of donor bone marrow. Animals whose circulating monocytes were C/EBP␦ Ϫ/Ϫ displayed a significant reduction in EAE disease (n ϭ 18 per group; p ϭ 0.0003; repeated-measures ANOVA). All error bars represent SEM.
geneic wt and C/EBP␦ Ϫ/Ϫ mice. In replicate experiments, C/EBP␦ Ϫ/Ϫ animals displayed a significant reduction in EAE disease severity (n ϭ 6/group; Fig.  1 B) , of Ͼ1 full clinical grade at the peak of disease (day 21). As EAE-induced changes in central C/EBP␦ expression were confined to resident astrocytes and bone marrow (BM)-derived DCs, we sought to determine whether C/EBP␦ derived from BM, the CNS, or both compartments contributed to EAE disease progression.
Reduction of C/EBP␦ in BM-derived cells is responsible for reduced EAE disease
In EAE, the initial influx of Th-cells to the CNS is mediated by circulation-derived DCs (Greter et al., 2005) . As two CNS cell types were found to produce C/EBP␦ (Fig.  1 A) , we generated BM chimerae to parse the contribution of C/EBP␦ expression by resident astrocytes and peripherally derived hemopoietic cells. Four groups of chimeric animals were produced, representing the parametric combinations of BM transfer within and between wt and C/EBP␦-null mutants (i.e., wt marrow3wt recipient, wt3null, null3null, and null3wt). In peripheral blood collected 6 weeks after transplantation, the profile of peripheral blood mononuclear cells expressing GFP was virtually indistinguishable from that of donor animals ( Fig. 2A) . At this time point, chimeric animals and controls were vaccinated with MOG. EAE induction was associated with clear evidence of transplanted cells migrating to the CNS (Fig. 2B) . In these animals, dual label immunohistochemistry revealed no C/EBP␦ expression by CD11c ϩ cells in the CNS of mice receiving C/EBP␦ Ϫ/Ϫ BM, while C/EBP␦ was expressed in astrocytes of all wt bone marrow recipient mice (data not shown). When mice were grouped according to the recipient mouse genotype, there was no significant difference in disease (Fig. 2C) . However, animals transplanted with C/EBP␦ Ϫ/Ϫ BM, like mice with global C/EBP␦ Ϫ/Ϫ deficiency, displayed a full clinical grade reduction in EAE disease severity, regardless of the genotype of the recipients (Fig. 2 D) . These data suggested that C/EBP␦ expressed in circulation-derived CD11c ϩ mononuclear cells mediate the actions of C/EBP␦ in EAE. However, it was important to exclude significant production of C/EBP␦ protein by other CNS APCs in EAE.
CD11c
؉ DCs, alone, express C/EBP␦ early in the EAE-afflicted CNS For Th-cells to gain entry to the CNS and initiate EAE, fully functional DCs are required (Greter et al., 2005) . As DCmediated T-cell entry into the CNS occurs early in the course of EAE, we examined the C/EBP␦ production of subsets of CNS inflammatory cells just before disease onset, using a FACSintracellular staining protocol using our anti-C/EBP␦ antiserum. Using this methodology we could clearly distinguish C/EBP␦ labeling in wt LPS-stimulated splenocytes (Fig. 3) . Additionally, we confirmed these cells increased C/EBP␦ mRNA expression in response to LPS treatment (Fig. 3B) (Alam et al., 1992) . Similar specific staining was absent in identically treated
C/EBP␦
Ϫ/Ϫ and vehicle-treated splenocytes, as well as in LPStreated splenocytes labeled with isotype control antibody (Fig.  3A) . Using this assay, we next examined mononuclear cells isolated from the spinal cords of MOG-vaccinated animals early in EAE disease, when DCs are thought to facilitate T-cell entry into the CNS (Fig. 4) (Greter et al., 2005) . We identified CNS CD45 ϩ cell subsets, including microglia, T-cells, B-cells, DCs, and macrophages, by gating on surface markers CD45, CD3, B220, CD11c, and CD11b (Bailey et al., 2007) . There was clearly identifiable C/EBP␦ labeling of CD11c ϩ DCs (Fig. 4 Biii) with no identifiable expression in other potential APCs, including B-cells, microglia, macrophages, and T-cells (Fig. 4 B) . As DCs were the dominant BM-derived cell expressing C/EBP␦ early in EAE, we next wished to determine whether altered DC expression of C/EBP␦ is associated with altered Th-cell development as we had postulated.
؊/؊ mice have reduced Th17, and enhanced Treg, development throughout EAE While DCs are necessary for CNS Th-cell recruitment in EAE (Greter et al., 2005) , EAE also requires T-cells (Brown and Sawchenko, 2007) . In addition to facilitating T-cell entry into the CNS, DCs directly activate and participate in T-cell differentiation (Bailey et al., 2007) . Changes in the proportions of Th-cell phenotypes in the CNS over the course of EAE have been described (Korn et al., 2007) , and involve a transition from Th17 cell predominance at preclinical and peak disease to increased Treg proportions at later stages. As the differentiation of these two Th-cell phenotypes are closely related (Bettelli et al., 2006) and mediated by DCs (Bailey et al., 2007) , we asked whether C/EBP␦ is active in this branch of Th-cell development. We therefore induced EAE in wt and C/EBP␦ Ϫ/Ϫ animals and determined the proportion of Th17 and Treg cells at and after the peak of clinical disease, when their relative numbers differ substantially (Korn et al., 2007) . In replicate experiments, C/EBP␦ Ϫ/Ϫ mice displayed significantly reduced Th17 cell proportions at peak disease and significantly enhanced Treg cell proportions in later disease, with a significantly reduced Th17:Treg ratio at both stages examined (n ϭ 24, 12 wt and 12 C/EBP␦ Ϫ/Ϫ ; Fig. 5 ). Combined with the previous findings, this result suggested that C/EBP␦ production by DCs modulates Th17/Treg development. However, creation of BM chimerae necessarily alters the C/EBP␦ expression capacity of all BM derivatives, including Th-cells. We therefore wished to confirm that isolated modulation of C/EBP␦ expression in DCs similarly altered Th17/Treg development, in vivo.
C/EBP␦ expression in DCs mediates Th17/Treg development
To examine the effect of isolated modulation of C/EBP␦ expression in CNS DCs, we generated both plasmacytoid and myeloid DCs (Brasel et al., 2000) from the BM of wt and C/EBP␦ Ϫ/Ϫ mice by culturing in the presence of fms-like tyrosine kinase 3 ligand (FLT3) (Naik et al., 2010) . After 9 d in culture, Ͼ95% of CD45 ϩ cells were CD11c ϩ and there were no significant differences in the proportion of plasmacytoid or myeloid DCs derived from wt and C/EBP␦ Ϫ/Ϫ BM. Following in vitro differentiation, CD11c ϩ BMDCs were antigen-pulsed with MOG and then matured with LPS. LPS maturation was not associated with differential expression of markers of maturation in wt versus C/EBP␦ Ϫ/Ϫ DCs (data not shown). These antigen-pulsed, matured DCs were then injected, with appropriate controls, into the right frontal cortex (coordinates given in Materials and Methods) of congenic C/EBP␦ ϩ/ϩ V␤11 TCR transgenic 2D2 mice. In these mice, between 50 and 90% of circulating T-cells have T-cell receptors that respond to MOG presented by DCs (Bettelli et al., 2006 ). Therefore, they will be activated when DCs present MOG antigen to them. Injection of MOG antigen-pulsed, matured DCs into the ϩ cell subsets of the CNS, including microglia, T-cells, B-cells, DCs, and macrophages, were identified by gating on surface markers CD45, CD3, B220, CD11c, and CD11b (Bailey et al., 2007) . B, C/EBP␦ protein expression was not detected in microglia that were identified on the basis of their intermediate CD45 expression (i; CD45 int ). Of the cells expressing higher levels of CD45 (CD45 hi ), only DCs (iii; CD45 hi CD3 Ϫ CD11c ϩ ) were found to express C/EBP␦ protein, while T-cells (ii; 
wt and C/EBP␦
Ϫ/Ϫ (null) mice were vaccinated with MOG, and CNS mononuclear cells were isolated near the peak of disease (day 18; n ϭ 8) and at partial recovery (day 25; n ϭ 16). CNS mononuclear cells were surface stained with anti-CD45, anti-CD3, and anti-CD4 and then labeled for intracellular FOXP3, IL-17, and INF␥. Data represent the pooled results of two independent experiments. The proportions of Th17 to Treg cells in wt mice were comparable to those reported in murine EAE (Korn et al., 2007) . C/EBP␦ Ϫ/Ϫ animals had fewer Th17 cells at peak disease and more Tregs during the recovery phase of EAE (Rec), with the resultant Th17: Treg ratios being significantly reduced at both time points ( p ϭ 0.02, p ϭ 0.03). Error bars represent SEM. *p Ͻ 0.05.
2D2 mouse brain lead to the recruitment, activation, and differentiation of antigenspecific Th-cells, as others have shown (Zozulya et al., 2009) . While there was no significant difference in the number of antigen-specific Th-cells recruited by injected wt and C/EBP␦ Ϫ/Ϫ BMDCs ( p ϭ 0.58), C/EBP␦ Ϫ/Ϫ BMDCs biased against Th17 differentiation, favoring Treg development. This resulted in a significant decrease in the Th17:Treg ratio (n ϭ 9; Fig.  6 A) , with no significant differences in Th1 differentiation (Fig. 6 B) . Nonantigen-pulsed, matured DCs, and vehicle injection controls showed significantly less recruitment and activation of antigen specific T-cells (data not shown). Having demonstrated that isolated variation of C/EBP␦ expression in DCs significantly modulates Th17:Treg development in the CNS, we wished to examine this process in vitro to elucidate potential mechanisms by which DC expression of C/EBP␦ might influence Th-cell development.
DC expression of C/EBP␦ regulates Th17:Treg development via IL-10
To examine mechanisms by which C/ EBP␦ might regulate Th-cell development, we established an in vitro system of DCmediated Th-cell activation. MOG antigenpulsed matured wt and C/EBP␦ Ϫ/Ϫ BMDCs were incubated for 5 d with CD4
ϩ T-cells isolated from congenic C/EBP␦ ϩ/ϩ 2D2 animals under Th17-(IL-6 and TGF␤) and Treg (TGF␤)-polarizing conditions. Cellconditioned media produced over the culture period was stored at Ϫ80°C for later analysis, and cultured mononuclear cells were surface-and intracellularly labeled for FACS analysis as above. Similar to the in vivo model, three separate experiments in vitro demonstrated a significant decrease in the Th17:Treg ratio mediated by C/EBP␦ Ϫ/Ϫ BMDCs (n ϭ 9; Fig. 6 A) . In the stored supernatants, we determined the concentration of multiple cytokines using multiplex bead-based immunoassays. After 5 d in culture, there were no significant differences between wt and C/EBP␦ Ϫ/Ϫ supernatants in the levels of several key cytokines known to mediate Th development including IL-6, TGF␤, IL-12, IL-23, and IL-1␤ (data not shown). However, IL-10 concentrations tended to be elevated in C/EBP␦ Ϫ/Ϫ BMDC cultures under Th17-polarizing conditions, although this failed to reach significance (n ϭ 9; p ϭ 0.15). As C/EBP␦ is known to interact with the IL-10 promoter (Liu et al., 2006) , we examined IL-10 mRNA expression in BMDCs exposed to LPS (Fig. 7A ). This confirmed that IL-10 mRNA expression is significantly upregulated in C/EBP␦ Ϫ/Ϫ BMDCs compared with wt, and that the relatively reduced IL-10 expression in C/EBP␦ ϩ/ϩ BMDCs coincided with upregulation of C/EBP␦ mRNA (Fig. 7A) . To determine whether IL-10 mediated the effects of reduced DC expression of C/EBP␦ on Th-cell development, we inhibited IL-10 signaling by the addition of a well characterized IL-10 receptor-blocking antibody (O'Farrell et al., 1998) . Under the same in vitro conditions, IL-10 receptor blockade reversed the effect of reduced DC expression of C/EBP␦ on Th17:Treg devel- Figure 6A were repeated using Th17-polarizing conditions, with, and without, IL-10 receptor blockade (IL-10R ab).
In vitro incubation with isotype control antibody showed again that C/EBP␦ Ϫ/Ϫ BMDCs mediated a significantly reduced Th17: Treg ratio ( p ϭ 0.005). Blockade of IL-10 signaling significantly increased the Th17:Treg ratio mediated by C/EBP␦ Ϫ/Ϫ DCs ( p ϭ 0.01; n ϭ 9), but did not completely negate the effect of C/EBP␦ deficiency in DCs. wt or C/EBP␦ Ϫ/Ϫ MOG antigen-pulsed, matured DCs were injected into the CNS of 2D2 mice undergoing isotype or specific IL-10R antibody treatment every other day. Blocking IL-10 signaling again lead to a significant increase in the Th17:Treg ratio generated by C/EBP␦ Ϫ/Ϫ BMDCs ( p ϭ 0.012), which did not differ significantly from that induced by isotype antibody-treated wt BMDCs in vivo ( p ϭ 0.78). Data represent n ϭ 9; NS, p Ͼ 0.2; *p Ͻ 0.05; all error bars represent SEM. opment (n ϭ 9; Fig. 7B ). This indicated that increased IL-10 production by DCs is at least partially responsible for the effect of C/EBP␦ deficiency, and that C/EBP␦ might repress IL-10 production.
IL-10 mediates DC-C/EBP␦ modulation of Th17:Treg development in vivo
To confirm that IL-10 mediates the effects of C/EBP␦ expression by DCs in vivo, we used the same IL-10 receptor blocking antibody in 2D2 animals that received CNS injections of wt or C/EBP␦ Ϫ/Ϫ MOG antigen-pulsed, matured, BMDCs, as above. Here again, IL-10 receptor blockade by intraperitoneal injection of antibody significantly attenuated the effects of reduced C/EBP␦ expression by DCs (n ϭ 9; Fig. 7B ), leading to return of the Th17:Treg ratio close to that supported by wt BMDCs. These in vitro and in vivo results strongly suggest that C/EBP␦ modulates DC expression of IL-10, which in turn regulates Th17:Treg phenotype development.
Discussion
Here, we demonstrate in EAE that C/EBP␦ expression by DCs influences Th17 versus Treg differentiation, with little or no impact upon Th1 development, via an IL-10-dependent mechanism. With reduced expression of C/EBP␦, DC IL-10 mRNA is upregulated and presumably IL-10 protein is secreted locally. This leads to relatively decreased Th17, and enhanced Treg, differentiation, associated with reduced EAE disease severity. These findings may have implications for DC function in a number of CNS inflammatory disorders, as well as other neurological disorders in which the immune system is engaged.
Our initial assessment of the known literature suggested that altered IL-6 production would mediate altered Th-cell differentiation due to reduced C/EBP␦ expression. However, the link between IL-6 and regulation of Th17 and Treg development has become less clear (Fujimoto et al., 2011) . Indeed, excessive IL-6 production associated transgenic overexpression leads to increased Treg numbers (Fujimoto et al., 2011) , and there are IL-6-independent pathways for Th17 development (Kimura et al., 2007) . However, overexpression of IL-10 by antigen-presenting cells is known to completely inhibit EAE induction (Cua et al., 1999) . Furthermore, DCs with upregulated IL-10 expression promote Treg development (Monti et al., 2004; Cai et al., 2009; Gregori et al., 2010; Poncini et al., 2010; Yoshiki et al., 2010) . Such mechanisms have been described for immunosuppressive tumorassociated DCs (Monti et al., 2004; Fujii et al., 2005; McCarter et al., 2007) , skin DCs (Yoshiki et al., 2010) , and IL-10 producing DCs that mediate immune tolerance (Gregori et al., 2010) . Our data now suggest that the regulatory nature of IL-10 production by DCs is mediated, at least in part, by C/EBP␦. Supporting this notion is the finding that DC regulatory function mediated by IL-10 requires MyD88 and TLR4 (Arora et al., 2010) , both of which are regulated by C/EBP␦ (Lu et al., 2009) .
Our data suggest that upregulation of C/EBP␦ leads to suppression of IL-10 secretion. Consistent with this finding, the C/EBP family and C/EBP␦, specifically, repress gene transcription associated with inflammation (Okazaki et al., 2002) . For example, C/EBP␦ directly mediates TNF␣-induced suppression of gene expression (Lacorte et al., 1997a) and is upregulated by IL-1␤ (Lacorte et al., 1997b) . Both TNF␣ and IL-1␤ are potent proinflammatory cytokines, with the later involved in Th17 phenotype development (Ben-Sasson et al., 2009 ). Therefore, it seems likely that increased IL-10 mRNA in C/EBP␦-deficient DCs is due to lack of transcriptional repression by C/EBP␦, although this remains to be demonstrated directly. Conversely, upregulation of C/EBP␦ in DCs is likely to lead to decreased IL-10 secretion, resulting in the skewing of Th-responses away from the Treg and toward the Th17 phenotype, thus facilitating EAE progression.
In addition to EAE, there are a number of other CNS pathologies that necessarily engage the immune system, which in turn regulates their outcome. These include traumatic spinal cord injury and Alzheimer's disease, in both of which increased C/EBP␦ expression has been documented (Li et al., 2004; De Biase et al., 2005) . Additionally, the immune complement of cells that regulate pathology in both Alzheimer's disease and spinal cord injury have been defined as circulating CD45
hi CD11b ϩ CD11c ϩ monocyte-derived cells, a similar phenotype to that which we find expresses C/EBP␦. In both these diseases, blood-derived DCs mediate beneficial outcomes via upregulation of IL-10 (Schwartz and Shechter, 2010) . The regulation of IL-10 by C/EBP␦ in DCs raises the possibility that therapeutic modulation of peripheral DC expression of C/EBP␦ could favorably influence clinical outcomes in traumatic spinal cord injury, Alzheimer's disease, and MS. While C/EBP␦ deficiency in DCs was associated with a relatively modest reduction in the clinical severity of EAE, this effect was significant and comparable in magnitude to the degree of reduction of peak EAE disease seen in IL-17 knock-out mice (Komiyama et al., 2006) . Therapeutic neutralization of IL-17 in animals (Hofstetter et al., 2005) in which EAE was induced using the same method used in the present experiments similarly reduced disease. A technical concern with our study derives from the possibility that transplanted BM-derived cells, present in the CNS before EAE induction, might themselves significantly affect disease progression. However, the number of donor-derived cells that populate the CNS within 6 weeks of transplantation is small (Vallières and Sawchenko, 2003) . Moreover, direct CNS injection of C/EBP␦ Ϫ/Ϫ DCs into wt animals produced similar Th17:Treg developmental changes as EAE induction did in C/EBP␦ Ϫ/Ϫ mice (Figs. 5-7) . These data suggest a minimal influence of CNS chimeric cells before disease induction. A second potential concern is that the very low antiserum concentration used to detect C/EBP␦ may have allowed some lower-expressing cell types to escape detection. Indeed, increased C/EBP␦ mRNA expression has been described in microglia and astrocytes upon stimulation with LPS (Ejarque-Ortiz et al., 2010). We were able to demonstrate C/EBP␦ expression in astrocytes (Fig. 1) , but saw no clear evidence of such in microglia. It may be noted that Ejarque-Ortiz et al. used a microglial cell line, leaving open to question the capacity of primary microglia to express C/EBP␦. Additionally, present experiments in BM chimerae indicated that maintained microglial and/or astrocyte capacity to express C/EBP␦ did not promote disease when peripheral DCs lacked C/EBP␦ (Fig. 2) . Also, when T-cells were capable of producing C/EBP␦ in vitro and in vivo, it was DC expression of C/EBP␦ that skewed Th17:Treg ratios (Fig. 6) . Therefore, any capacity of cell types other than DCs to produce C/EBP␦ protein does not appear to significantly impact Th17:Treg differentiation in the situations we examined.
Overall, the present findings suggest that DC production of C/EBP␦ mediates Th-cell differentiation and impacts upon autoimmune disease severity. The proinflammatory effects of C/EBP␦ expression by DCs raise the possibility that numerous DC subtypes may regulate immunity by this mechanism, perhaps explaining the conflicting data regarding plasmacytoid DCs inducing both Treg (Bailey-Bucktrout et al., 2008 ) and opposing Th17 cell phenotypes (Isaksson et al., 2009) . It is therefore possi-ble that production of C/EBP␦ by DCs, rather than DC phenotype, directs Th-immune responses. If this holds true, it raises the possibility of modulating C/EBP␦ expression in DCs to target specific CNS and systemic immune responses in an antigenspecific manner.
